Single vortex-antivortex pair in an exciton polariton condensate by Roumpos, Georgios et al.
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Figure 4:
Single vortex-antivortex pair in an exciton-polariton condensate
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Figure 5: Laser pumping setup. a, The pumping scheme. The laser is first coupled into a polarization-maintaining single-
mode fibre (PM SMF), and a collimated gaussian beam is created. We then use a commercial beam shaper to transform the
beam into a collimated beam with flat-top profile. An extra lens is used in order to move the focusing point of the beam above
the sample, so that a large homogeneous spot is created on it (see also Methods Summary). b, The pumping spot below the
condensation threshold and its cross section along the horizontal axis. c, Real space image of the condensate above threshold.
The laser spot is created through the setup of Fig. 5a. A flat-top spot is formed (Fig. 5b) with small loss of laser power.
Due to diffraction, the spot cannot be perfectly flat, but instead consists of closely-spaced bright and dark rings. For very low
pumping power, the polariton diffusion length is long, and thus the rings are not visible in polariton luminescence. Above
the condensation threshold, the condensate takes a doughnut-like shape (Fig. 5c), which can be reproduced by our numerical
simulations (see Fig. 14).
To investigate the condensation characteristics, we perform a standard momentum- and energy-resolved measurement by
forming the momentum-space image on the plane of our spectrometer slit and selecting the central stripe. In Fig. 6a, we
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Figure 6: Polariton condensation versus photon las-
ing. a, Signal intensity measured by the spectrometer
at 0 ± 4◦ as a function of pumping power. b, Normal-
ized spectrum at 0±4◦ as a function of pumping power.
Two thresholds are visible. c, LP (blue circles) and UP
(red squares) energies as a function of photon-exciton
detuning δ. Continuous lines are fits with Rabi split-
ting 2~ΩR = 14meV . The flat and tilted dashed lines
are the energies of the exciton and microcavity pho-
ton respectively. The LP condensation threshold en-
ergy (green diamonds) follows the LP energies, while
the photon lasing energy (magenda triangles) follows
the photon energies. d, Dispersion relation images be-
low and above the condensation threshold.
plot the luminescence intensity measured around 0◦ collection angle versus the laser pump power. The spectrometer is used
to discard the reflected laser light. There is a threshold pump power at 20mW , above which the signal intensity increases a
nonlinearly, similar to a lasing transition. When we record the luminescence spectrum, however (Fig. 6b), a second threshold
is visible. We interpret the first threshold with polariton condensation, and the second one with photon lasing.
This interpretation is supported by Fig. 6c, which summarizes a set of measurements performed for varying photon-
exciton detuning δ. The wedged sample structure allows us to change the detuning by simply moving to a different position.
We can observe the anticrossing between the upper polariton (UP) and lower polariton (LP) resonances. Furthermore, when
we plot the energy of the LP condensation threshold (at 20mW in Fig. 6b, where δ ∼ 0meV ), we see that it follows the
LP resonance as shown by the green diamonds. On the other hand, the photon lasing threshold energy (at 80mW in Fig.
6b) follows the photon resonance as shown by the red triangles. Increasing δ, so that LP’s become more exciton-like, the LP
condensation window shrinks, and eventually only photon lasing is possible. This data is in accordance to measurements in
different samples32,33,34. In Fig. 6d, we plot the dispersion relations measured below and above the LP condensation threshold.
A broad LP distribution is followed by a distribution peaked around zero momentum. The blue-shift is due to the repulsive
interraction energy and to the decrease of the Rabi splitting because of the large quantum well exciton occupation density.
Following Ref. 5, we can estimate the healing length λc from the measured blue-shift. We consider a Hartree interaction
energy gn0 = 1meV , so that
λc =
~√
2m∗LP gn0
= 0.87µm. (1)
m∗LP = 5× 10−5me is the LP effective mass.
To make sure that the observed pi−phase shift areas are not an experimental artifact, we perform the same Michelson
interferometer measurement using a Gaussian pumping spot by removing the beam shaper from the setup of Fig. 5b. We
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Figure 7: Interference images with Gaussian pumping
spot. a, Interference fringes observed on the camera with
one prism orientation. b, Phase map corresponding to a.
c, Interference fringes observed on the camera with the
orthogonal prism orientation. d, Phase map correspond-
ing to c.
found that LP condensation in this case cannot be observed with our modelocked laser, so we switch to a Ti:Sapph ring laser
with long coherence time. For both prism orientations, no phase defect is observed in the interference pattern directly seen
on the camera (Fig. 7a,c), or in the phase maps (Fig. 7b,d). According to the physical mechanism for creation of vortex-
antivortex pairs discussed in the text, the population dip in the condensate formed because of zeros in pumping intensity is
essential. This is absent when the gaussian pumping spot is used.
When we create a flat spot with a radius smaller by∼ 30% than the original flat spot of Fig. 5a, again no phase defects are
observed. This is shown in Fig. 8, which features the measured interference patterns (Fig. 8a,c) and phase maps (Fig. 8b,d).
We conclude that this condensate size is too small to support a vortex-antivortex pair.
We also rotated the original pumping spot by 90◦ using a Dove prism just before the polarizing beam splitter (PBS) in Fig.
5b. The vortex-antivortex pair is also rotated by 90◦, as is clear from Fig. 9. The two panels can be directly compared with
Fig. 3(e,g) of the main text.
Finally, the observed phase defects do not depend on the observed linear polarization. We confirmed this by using a
non-polarizing beam splitter instead of the PBS of Fig. 1a, along with a linear polarizer in front of the camera.
To create a map of the disorder potential, we pump with low laser power at a large spot and form the real space image of
the polariton luminescence on the plane of the spectrometer slit. We can then measure the luminescence spectrum along a line
on the sample (Fig 10a). By moving the real space image to the direction normal to the slit, we can measure the spectrum of
a two-dimensional grid of points. Our resolution is 1µm. We then fit the long-wavelength part of the spectrum with one half
of a Lorentzian and extract the local energy for every point (Fig 10b). We find a striped pattern for the disorder potential (Fig
10c), while the local energy follows a Gaussian distribution with σ = 71µeV (Fig 10d).
Using a prism in our Michelson interferometer (M2 in Fig. 1a of the main text) instead of a retroreflector has the advantage
that a single vortex should always be observable, even if it is mobile. The idea is illustrated in Fig. 11a and is based on the
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Figure 8: Interference images with a small flat pump-
ing spot. a, Interference fringes observed on the camera
with one prism orientation. b, Phase map corresponding
to a. c, Interference fringes observed on the camera with
the orthogonal prism orientation. d, Phase map corre-
sponding to c.
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Figure 9: Interference images with a pumping spot ro-
tated by 90◦. a, Phase map with one prism orientation.
b, Phase map with the orthogonal prism orientation.
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Figure 10: Sample disorder potential. a, Example
of spatially-resolved spectra. The blue line is the lo-
cal wavelength selected by our fitting method. b, The
fitting method. Blue: spectrum selected from a along
x = 0µm. Red: numerical derivative. Black dashed
line: fitting of the long-wavelength part of the numer-
ical derivative with the derivative of a Lorentzian. c,
Map of the disorder potential. White areas at the cor-
ners have low signal to noise ratio. d, Histogram of the
disorder potential shown in c, and fit with a Gaussian
with σ = 70.8µeV .
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Figure 11: Interference images for a single mo-
bile vortex. a, Schematic of the Michelson inter-
ferometer measurement for the case that a single
vortex is present in the initial image (see text). b-c,
Simulated time-integrated interference patterns for
the case that a single vortex (b) or a single antivor-
tex (c) are moving randomly inside the red circle.
d The same as b and c, but now there is a 50-50
probability for vortex or antivortex.
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Figure 12: Explanation of the interference pat-
tern for a single pair with random polarization
(simulation results). a, Interference fringes ob-
served in the camera for one vortex-antivortex pair
polarization and for vertical orientation of the prism
in the Michelson interferometer. It features two
trident-like patterns. b, Interference fringes for the
opposite pair polarization. The trident-like patterns
are now reversed. c, Interference fringes for 50-50
statistical mixture of the two pair polarizations. d,
Phase map and e, visibility map corresponding to c.
fact that the sense of rotation changes when an image is reflected. Consider the case that the original image includes one
vortex. The reflected image will include one antivortex. Because the interferometer measures the phase difference between
the two images, the final image will feature two vortices. Fig. 11b shows the simulated time-integrated interference pattern
when a single vortex is moving randomly inside the red circle. Fig. 11c shows the same interference pattern for the case
of a mobile antivortex, while in Fig. 11d we consider a 50-50 probability for either vortex or antivortex. None of these
interference patterns is observed in our data, which suggests that there are no free vortices in the condensate, but only bound
vortex-antivortex pairs.
Fig. 12 analyzes the characteristic pi-phase-shift interference pattern observed for a single vortex-antivortex pair with
random polarization. Fig. 12a shows the interference fringes we expect to observe on the camera when there is a single pair
at a fixed position along the horizontal axis and the prism in the Michelson interferometer is oriented vertically. Two trident
patterns appear. When the pair polarization is reversed (Fig. 12b), the trident patterns are also reversed. Fig. 12c results from
50-50 statistical mixture between the two pair polarizations. There are two areas where the phase of the fringes is shifted by
pi compared to outside, and around these areas the fringes are blurred. This is because in case a the fringes are bent one way,
whareas in case b the fringes are bent the other way. Figs. 12d,e show the phase and visibility maps corresponding to Fig.
12c, where the pi-phase-shift areas are clearly seen. Obviously, the shape of these areas depends on the position of the pair,
and should be different when the pair can move inside the condensate without changing its orientation, as will be discussed
later. We expect that this motion takes place in our experiments.
Fig. 13 explains the qualitative difference between the two prism orientations when the vortex-antivortex pair lies along
the horizontal axis. In one case, the vortex and antivortex in the reflected image annihilate those in the original image, whereas
in the other case the final image features a double vortex and a double antivortex. This is the reason why Fig. 3g of the main
6
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Figure 13: Horizontal versus vertical prism ori-
entation. a, When the vortex-antivortex pair lies
along the horizontal axis and the original image in-
terferes with its reflection along the vertical axis,
then the vortex and antivortex in the reflected im-
age annihilate those in the original image. So the
final image does not show any phase defects, cor-
responding to Fig. 3g of the main text. b, When
the prism creates the reflection of the original im-
age along the horizontal axis, then the final image
shows a double vortex and a double antivortex, cor-
responding to Fig. 3e of the main text. This is a
qualitative change with respect to a.
text does not show any phase defect in contrast to Fig. 3e.
2 Vortex nucleation and pair dynamics theory
In the main text we have described the observation of a single dynamic vortex-antivortex pair in a dissipative polariton con-
densate. Though the time-integrated experiment results in clear interference fringes indicating the presence of a single vortex-
antivortex pair, we have implemented a theoretical model and performed numerical simulations to understand the dynamics
and nucleation mechanism and to gain further insights. The model is found to reproduce the essential part of these observa-
tions.
2.1 Open-dissipative Gross-Pitaevskii equation
While atomic condensates display dynamic features on timescales (order of ms) much shorter than the condensate lifetime
(order of s), the shortness of the polariton lifetime τpol ∼ 3ps in addition to condensate-reservoir interactions are expected
to significantly influence the vortex pair lifetime and dynamics in this system. Thus in order to understand the dynamics
of a vortex-antivortex pair in a polariton condensate, the usual form of the Gross-Pitaevskii equation25 is insufficient. In a
conservative confined condensate, the vortex pair motion is governed by the effective mass mLP and interaction parameters
gCnC (determining the healing length ξ = ~/
√
2mLP gCnC ∼ 0.9µm and speed of sound vs =
√
gCnC/mLP ≈ 2µm/ps)
and the condensate size / trapping potential. In contrast, the use of a two-level dissipative Gross-Pitaevskii equation (GPE)29
to model the polariton condensate dynamics allows the study of the influence of the further parameters such as condensate
polariton loss rate γC and stimulated scattering rates R(nR(r, t)).
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The open-dissipative Gross-Pitaevskii model consists of the following coupled equations describing the time evolution of
the condensate order parameter ψ(r, t) and reservoir polariton density nR(r, t)
i~
∂ψ(r, t)
∂t
=
(
− ~
2∇2
2mLP
+ Vext(r)− i~
2
[γC −R(nR(r, t))] + gC |ψ(r, t)|2 + gRnR(r, t)
)
ψ(r, t) (2)
∂nR(r, t)
∂t
= Plas(r, t)− γRnR(r, t)−R(nR(r, t))|ψ(r, t)|2 (3)
The reservoir density nR(r, t) is further controlled by laser pumping gain Plas(r) and reservoir loss γR parameters. Interaction
between condensate and reservoir polaritons is assigned a coupling constant gR = 2gC , where the condensate coupling
constant is gC ≃ 6×10−3meV µm2. This model has previously been used successfully to describe the excitation spectrum29,
and to study experimental results for a pinned vortex in a polariton condensate16.
2.2 Vortex-antivortex pair dynamics
We have analyzed the dynamics and stability of a vortex-antivortex pair in a polariton condensate in detail30 and demonstrated
significant deviations from the usual vortex pair motion35 expected in the conservative atomic condensate. We found that
the vortex pair will either recombine within the condensate or separate and dissipate from the condensate boundary. The
choice between these two types of trajectory (in a largely homogeneous but confined condensate) is a competition between
the force36,35 due to the radially directed superfluid flow of the unconfined repulsively interacting condensate, and the drag
forces due to the interaction with non-condensate (reservoir and thermal polaritons)37. The cross-over between these regimes
essentially depends only on the magnitude and profile of nR(r).
The simulation pumping profile used is a top-hat experimentally measured profile (see Fig. 5b) and the condensate
polariton lifetime is τr = 3ps. The scattering rate R(nR) = RscnR(r) is assigned a linear dependency and a measurement
of the threshold pumping power Pth permits an estimate of the scattering rate via Rsc = γCγR/Pth, where we assume γR is
comparable to γC , necessary to study this experimental parameter space. Thus, with these parameters fixed to correspond to
experiments, a variation in the normalized pumping power P¯ = Pl/Pth notably alters the relative fraction of reservoir nR to
condensate nC particles according to
nR
nC
=
γC
γR
1
P¯ − 1 , and thus the pumping power should also control the choice between
the two possible vortex pair trajectories outlined in reference 30.
Additionally specific to these experiments, as the healing length of the condensate is not significantly smaller than the
condensate size, the condensate boundaries are expected to also affect the vortex pair motion. Depending on the vortex pair
initial energy and the local condensate environment, the process of vortex pair either recombining within the condensate or
splitting and leaving the condensate will happen on the order of the condensate polariton lifetime due to the small condensate
size. The next section aims to establish the position of these experiments in the possible parameter space and with this
determine vortex pair motions and attempt to reproduce experimental steady-state measurements.
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2.3 Steady-state condensate profiles and time-integrated measurements
In the absence of any external confinement, the steady-state condensate profile nC(r) is largely determined by stimulated scat-
tering R(nR(r)) in turn driven by the laser profile Pl(r), and by interactions between the condensate and reservoir polariton
populations. When nR is small, nC(r) will closely mimic the nR(r) and Pl(r) profiles. However, when the magnitude of
nR(r) is comparable to that of nC(r), the profile of nC(r) will be strongly influenced by the need to minimize the interaction
term gRnR(r, t)ψ(r, t).
To clarify this, we consider the experimental pump spot (Fig. 14a) and simulate the corresponding reservoir (Fig. 14b)
and condensate (Fig. 14c) distributions, which show clearly the inverse correspondence between population inhomogeneities
(of diffusion length range) in the condensate and reservoir polariton profiles. In this simulation, we have deliberately chosen
pumping parameters which result in large nR(r) to reproduce the experimental steady-state condensate profile (compare Fig.
14c and Fig. 5c). This notably includes the feature of a spatial dip at the condensate origin. Though experimentally it is
difficult to know exactly where in the parameter space the condensate is situated (due largely to a lack of exact knowledge of
R(nR(r))), the inhomogeneities in the experimentally measured steady-state condensate profile can only be reproduced by
permitting a large reservoir density. The fact that measurements with pumping powers up to P¯ ≈ 10 have been performed, all
showing similar strong spatial modulations resulting from pump inhomogeneities confirms our choice of dissipative parame-
ters γR and Rsc and that even pumping far above threshold, the reservoir is still expected to play a significant role. This then
suggests that the vortex dynamics will be strongly modified by drag forces and thus pair recombination is preferred over pair
splitting. It is found that this feature of our experiment is crucial in determining the formation and subsequent life cycle of the
vortex-antivortex pair as noted in the main text.
Though the experimental pump profile (Fig. 14d) is roughly symmetric, existing asymmetries are enhanced through the
presence of the large repulsive interaction between reservoir and condensate modes, resulting in an asymmetric condensate
profile in the numerical simulation (Fig. 14e). This result biases the formation of vortex pairs preferentially dipole aligned
with one Cartesian axis, in this case the horizontal axis. Furthermore, the conclusion that an average of only one vortex pair
is present is to be expected based on our experimental results and from the observation that the minimum vortex pair size
(2dv ∼ 4µm) is comparable to the size of the central dip in the condensate, believed responsible for vortex pair formation.
It is also desirable to know in more detail how the dynamics and life cycle of a single vortex-antivortex pair are reflected
in the time-integrated measurements, and specifically why the defects in the fringes are not washed out by vortex motion. We
assume that the vortex pair (imprinted in the calculation directly via a phase factor eilθ where θ = tan−1(
y
x∓ dv/2) and
l = ±1) is formed along the x-axis with core-core separation dv and is subsequently free to evolve in time. Essentially, given
to the mirror-symmetry of the problem across the y-axis, the interference fringes will be observed due to the correlated motion
of the vortex and antivortex. The system topology restricts the pair motion to identical velocities in the same y-direction and
opposite x-direction, with no pair rotation. The dislocations in the interference measurement and visibility minima patterns
are easily reproduced despite vortex pair motion given that (a) the mirror symmetry of the vortex pair about its midpoint
and (b) that the condensate is occupied by a vortex pair most of the time. The shape of these pi-phase shifted regions in
the interference and fringe visibility experiments and simulations have a strong dependence on the vortex pair dynamics,
9
Figure 14: The experimental pump profile (a), when used in the numerical simulations produces steady-state reservoir (b)
and condensate (c) polariton profiles. The number of polaritons in the reservoir NR and condensate NC are similar inducing
the inverse correspondance in these two profiles by the corresponding strong repulsive interactions. Though the difference
between the x and y axis of the laser profile (d) is small, repulsive interactions produce a strongly asymmetric steady-state
condensate profile (e).
specifically a correspondence between the area of the pi-phase shifted region and area mapped by the vortex pair trajectory.
Small pi-phase shifted areas (as in experiments) are only reproduced with recombining vortex pairs, while separating vortex
pairs generally give distinct and significantly larger areas.
Thus, two pieces of evidence, namely (a) strong modulation of condensate spatial profile by an inhomogeneous pump and
(b) the requirement that the vortex pair recombines rather than splits to successfully explain and simulate the experimental
results both imply a similar parameter space position, namely condensate and vortex dynamics are strongly influenced by
interaction with reservoir populations.
2.4 Probability of spontaneous vortex formation
In two-dimensions, the spontaneous formation of vortex pairs is usually the result of interaction of the condensate population
with thermal phase fluctuations25. Knowing the energy Ev of a particular vortex pair configuration, the probability of thermal
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nucleation of this vortex pair configuration can be estimated. In three dimensions, the thermal excitation of a single vortex
requires an energy proportional to the length of the vortex line, and is thus highly improbable in both atomic and polariton
systems. In two dimensions (2D) though, the confinement along the axis of the vortex line results in a much smaller formation
energy. In the present polariton condensate, the thermal energy is still insufficient to generate a single vortex which we can
estimate from equation
Ev ∼ mLP nCκ
2
4pi
ln(
L
ξ
) ∼ 10eV ≫ kBT (4)
for the single on-axis vortex in an inhomogeneous condensate38. In this equation, L is the condensate radius and κ = h/mLP .
When dissipative effects are taken into account (through the dissipative GPE), the vortex energy is found to be lower than this
estimate and non-linear in nC due to the reservoir presence, but is still of order eV . The energy of a 2D vortex-antivortex pair
though, depends on its separation and thus can have a smaller energy for small separations. Equation
Ep =
mLP nCκ
2
2pi
ln
(
dv
r0
)
(5)
gives the energy for a uniform condensate. Corrections to this equation for a finite size condensate are only important for
vortex pairs within distances ξ of the boundary. Unless the vortex pair is given enough energy for the vortex cores to fully
separate (core-core separation dv & 2ξ it will immediately recombine rapidly and will not be observed in the current type of
experiments. Thus, unless the system contained a great many vortex pairs simultaneously, the rapid formation/annihilation of
small vortex pairs will have a negligible effect on measurements and dynamics.
The coefficient of the logarithm is still large however, and thermal fluctuations (kBT ∼ 0.4meV ) of the phase cannot to
be solely responsible for vortex pair formation. Instead, density fluctuations in the thermal reservoir which has population
density comparable to the condensate permits an alternative formation source as gRnR ∼ µ. These fluctuations in the reservoir
density result from the use of a noisy CW multi-mode laser with strong amplitude fluctuations expected at a timescale of the
order of ps, which is similar to vortex pair lifetime. In this case, the central dip in the condensate profile discussed previously
presents ideal conditions for vortex pair formation.
Phase fluctuations25,28, 39 are included in the operator of the condensate order parameter through ψˆ =
√
nC(r)e
iSˆ(r),
where nC(r) again represents the condensate density distribution at T = 0 and ˆS(r) is the phase fluctuation operator. A phase
correlation function can then be defined as χ(r− r′) = 〈 ˆS(r) ˆS(r′)〉.
For a 2D finite area Bose gas, the phase fluctuation operator Sˆ(r) can be expressed in terms of the usual Bogoliubov
coefficients uk(r) and vk(r), with
Sˆ(r) =
1
4
√
nC(r)
∑
k
[
f+k (r)aˆk + f
−
k (r)aˆ
†
k
]
(6)
where aˆk is the annihilation operator of an excitation quanta from state k, where the amplitudes are fk(r)
± = uk(r)± vk(r).
A full treatment for the dissipative polariton condensate should also include density fluctuations and explicit contributions
from interaction with reservoir populations, but the essential statement relevant here is that χ(r − r′) is locally maximized
when nC(r) is minimized and the non-condensate population (thermal or reservoir) is maximized. Thus the local exchange
11
y (µm)
x
 (µ
m
)
−10 0 10
−15
−10
−5
0
5
10
15
y (µm)
x
 (µ
m
)
−10 0 10
−15
−10
−5
0
5
10
15
ky (µm
−1)
k x
 
(µm
−
1 )
−1 0 1
−1
0
1
ky (µm
−1)
k x
 
(µm
−
1 )
 
 
−2 0 2
−2
−1
0
1
2
−2 0 20
1
2
3
4 x 10
15
k
x
,ky (µm
−1)
In
te
ns
ity
 (a
.u.
)
 
 
x
y
−2 0 20
1
2
3
4
5 x 10
4
k
x
, ky (µm
−1)
In
te
ns
ity
 (a
.u.
)
 
 
x
y
a b
c d
e f
Figure 15: Real- and momentum-space images. a,
Simulation result for the real space distribution of the
condensate without the presence of a vortex-antivortex
pair. b, Measured real space image above the conden-
sation threshold (at 55 mW). c, Simulated momentum
space image corresponding to a with an imprinted vortex-
antivortex pair. The possibility that vortex and antivor-
tex positions swap is included. d, Measured momentum
space image, averaged over a grid of 15 points on the
sample. e, Cross sections of the momentum distribution
in c. f, Cross sections of the momentum distribution in d.
of energy from condensate to reservoir is expected to be maximized at this position and the largest probability of phase
fluctuations occurs, which are the specific conditions at the centre of the excitation spot in present experiments.
3 Real and momentum space images
For a pinned vortex-antivortex pair, one expects a real space distribution with two minima, marking the position of the vortex
and antivortex. Our experimental time-integrated result (Fig. 15b) instead does not feature this pattern. This suggests that
the observed pair is not pinned at any particular position. Fig 15a shows the simulation result of our dissipative model.
In a superfluid, on the other hand, phase gradient induces superfluid motion. Because pairs in our experiment sit along a
fixed axis, the momentum space distribution should be asymmetric. In Fig. 15c we show the calculated momentum space
distribution corresponding to Fig. 15a with an imprinted vortex-antivortex pair. We again allow for the possibility that the
vortex and antivortex can swap positions. The distribution is elongated perpendicular to the direction of the pair. The peak at
|k| ∼ 1.5µm−1 is due to LP’s travelling away from the condensate. In the experiment, we expect the momenta of these LP’s to
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follow a broad distribution due to mutual scattering. In Fig. 15d we present the measurement result for the momentum space
distribution above the condensation threshold (at 55mW). Because of the small sample disorder potential, the momentum
space distribution is always slightly inhomogeneous. To suppress this effect, we average the measured distributions over a
grid of 15 equally spaced points on the sample. The cross sections along the two axes corresponding to Fig. 15c,d are shown in
Fig. 15e,f respectively. The predicted small asymmetry is indeed observed. After rotating the sample by 90◦, the asymmetry
remains along the same direction, which confirms that the effect is not due to the sample disorder potential.
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